Abstract-There is a growing need for effective and adaptive robot-assisted rehabilitation platforms for post-stroke patients which can facilitate considerably their sensorimotor control performance, and also ensure safety for the patients.
I. INTRODUCTION
There have been a marked increase in the cases of stroke and other sensorimotor impairment in recent times to an estimate of over 15 million cases each year worldwide [1, 2] . A great challenge has been posed on health care providers which has necessitated the use of robotic devices to assist or completely relieve the trained therapist of the tedious therapeutic procedures [3] .
Robotic assistance has shown promising advantages over conventional therapy in that they can offer reduced cost, can allow online quantification of patients' performance, and most importantly can allow increase therapy duration and repetition of the basic therapeutic procedures needed by poststroke patients to regain their activities of daily living (ADL).
Studies have shown that for robot-assisted therapy to be effective, the control strategy needs to be adaptive to patients' level of impairment and motor control performance during therapy [3, 4] . Thus a 'high-level' control framework has been suggested by some researchers that guarantees robot-patients compliance during therapy (to ensure safety), provides assistance as needed, and tracks patients'
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sensorimotor improvement and muscle plasticity to allow online assessment.
For upper limb rehabilitation, several control strategies have been adopted. [5] investigated the use of a hybrid fuzzy force/position control strategy which overcame the limitation of only force or position control to allow tracking of patient's hand motion in both position-controlled and force-controlled subspaces. However, the framework overlooks the effect of the robot manipulator impedance which is crucial to controlling the dynamic force interaction between the robot end-effector and the impaired limb (environment) [6] .
The impedance control strategy first proposed by Hogan [7] and currently used by many researchers [4, 6, 8, 9] overcame some of the limitations of hybrid force/position control and considers the effect of the robot/environment impedances in the dynamic interaction between the robot end-effector and the patient's impaired limb. However, in its basic form, the impedance control is a position-based control in which desired positions are commanded and the impedances are adjusted to allow force response [9] [10] [11] with no attempt made in the control scheme to follow a command force trajectory. It also generally overlooks the distinction between the force-controlled subspace and the positioncontrolled subspaces.
The hybrid impedance control strategy has been proposed as an improvement to the pure impedance control law [10] , which combines into unified strategy the concept of impedance control and hybrid force-position control. The impedance is controlled simultaneously while regulating the force and position along their respective directions which is hardly possible to achieve with pure impedance control law [12] . The hybrid impedance controller, however, requires a 'high-level' control framework to select components of the task space which should be either position or force controlled before assigning the appropriate robot impedance [13] . More so, since the patient arm impedances changes constantly during rehabilitation task, a form of adaptive framework may be required to adjust the robot impedance accordingly.
In this study, an adaptive hybrid impedance control framework implemented by means of a hybrid automata is proposed. The hybrid automata provides the high-level framework which monitors the interactive forces and the patient arm impedance characteristic during dynamic interaction to specify appropriate robot impedance parameters, and to select accordingly the component of the task space that should be position or force controlled. In addition, it provides a form of online muscle assessment by integrating, in its finite states, both the Modified Ashworth Scale (MAS) assessment and the patient's impaired limb The remainder of the paper is organized as follows; in section II, the robot-patient limb dynamic model is discussed. The adaptive hybrid impedance framework is discussed in Section III and the simulation results is given in Section IV.
II. THE DYNAMIC MODEL

A. The Robot Dynamic Equation
The dynamic equation for the 3-DOF rehab robot in joint space, based on the Euler-Lagrange equation, can be written as ,
where represent the 3x3 inertia matrix, , is a vector that includes the centripetal and Coriolis terms, represents the gravity term, includes the viscous and dynamic frictions, represent the input control torque, and is a 3x1 vector of joint space coordinates which denotes the force of interaction between the robot and the patient.
The vector of generalized contact forces in task space is related to the joint space contact torque by the Jacobian matrix thus, .
Equation (1) can thus be re-written as
B. Linearization of the Robot Dynamics equation
To achieve the control objective for the robot in task space, the non-linear equation given in (3) is globally linearized and decoupled using the concept of inner/outer loop control [10] shown in Fig.1 . The inner loop represents the non-linear feedback linearization or inverse dynamics controller and the outer-loop may be used to represent either linear position control, force control, impedance control strategies, or other control objectives in task space. 
where is derived from the robot kinematics. The relationship between the joint and task space speeds, and accelerations derived from the first and second derivative of Equation (4) respectively can be written as ,
. (6) Solving for in Equation (6) yields
represents the task space Jacobian matrix [12] defined as 0 0
where and are the identity and transformation matrix respectively. Substituting Equation (7) into Equation (3) while replacing with a, and the non-linear terms with , gives the two equations ,
(10)
Equation (9) represents the inner loop control equation while Equation (10) represents a set of linear equations used to denote the outer loop control strategies.
C. Online estimation of human arm impedance parameters
For post-stroke patient, the determination of the muscle tone is considered important for the placement/specification of appropriate therapy. The muscle tone represent the degree of muscle-fiber tension or resistance during rest or response to stretch and thus can be described as a function of the impedance characteristic of the patient arm.
The patient arm can be modelled mechanically as a massspring-damper represented by a second order dynamic equation given as (11) where , , and are the impedance parameters which denote the mass, damping factor, and stiffness of the arm respectively; and representing the contact force with the robot. Equation (11) can be written in the Laplace form as . (12) where, / is the impedance of the arm obtained using a force-velocity relationship.
By choosing a sampling time , the first and second derivative of position, , can be written in the finite difference form as and Substituting the above into (11) and arranging the terms yields 
where, Equation (13) can be seen to represent an Auto Regression eXogenous, ARX, model with input and output , while 1 , 2 , and 3 are the coefficients to be determined online using the recursive polynomial model estimator for ARX model.
III. ADAPTIVE HYBRID IMPEDANCE CONTROL
The objective of the adaptive hybrid impedance control strategy adopted in this work is to design a controller that responds appropriately to the impedance of the impaired limb while following at the same time a commanded force and/or position trajectory. In this way, the progress of the patient during the specified rehabilitation task can be monitored and assessed online thus making it possible to adjust the task to reflect the patient sensorimotor control performance.
To achieve this objective, a model of the robot impedance is formulated for both the force and position controlled task space as discussed in this section.
A. Position-Based Impedance Control
In order to track a desired position trajectory in task space, the force-velocity relationship for the position-based impedance control can be stated as . (14) where, represents the robot apparent impedance as seen by the human arm along the position controlled direction;
represents position tracking error; and represents the contact force at the position controlled direction. By using the principle of duality as described in [12] (see TABLE IV), to achieve zero steady state error for position-based control, the impedance of the human arm (environment) must be non-capacitive (i.e must be inertial or resistive). Therefore, the robot impedance, should be specified as capacitive based on duality as
where , , and are the mass, damping and stiffness factors of the robot respectively. By substituting (15), Equation (14) can be re-written as
. (16) The position-based impedance control law can therefore be stated, in the Laplace form, using the outer loop control equation given in (10) and the force-velocity relationship in (14) as (17) where is the commanded acceleration, and represents the desired position in the position-controlled task-space.
For the specific case of capacitive robot impedance, Equation (16) can be combined with (17) to obtain the control law as 
B. Force-Based Impedance Control
The dynamic relationship between force and velocity for force-based impedance control can be written as
where and represent the desired and the actual contact forces respectively at the force controlled direction.
Based on the duality principles, to achieve a zero steady state error for the force based impedance control, the robot impedance must be non-capacitive while the interacting human arm must be non-inertial (i.e can be capacitive or resistive).
Thus, if we specify a non-capacitive impedance for the robot as 
and by combining (19) and (10), the control law for the force-based impedance control can be written as 
C. Hybrid Impedance Control
The hybrid control is achieved by combining the positioncontrolled and the force-controlled subsystems in task space. A selection matrix, , which consist of ones and zeros at the principal diagonal is used to select either of the two subspaces. The combined hybrid impedance control law can therefore be stated as (24) which is implemented for the specific cases as where the subscript and is used to denote the components in the force-controlled and position-controlled directions respectively. See Fig. 2 for the complete proposed adaptive hybrid impedance framework.
D. Hybrid Automata
In order to make the system adaptive, a supervisory control framework implemented by means of a hybrid automata is used. A hybrid automata is a model for mixed discrete and continuous dynamic systems which can be used sufficiently to describe a discrete event system (DES). A DES framework can be defined as a six tup , , , , , where is the states representing the different level of amount of spasticity in this case; is the se generated based on the events-the events, the different categories of the recove impedances experience during the therapy control symbols generated by the controller state transition function, is the initial co represent the marked state. In this work, we consider the case wher patient suffers from hemiparesis in on extremities and could use fully his other Modified Ashworth Scale (MAS) [14] is then subjectively, the level of impairment information of the muscle tone or amou experienced for a given region of movem mentioned before since the muscle tone or seen as a measure of the degree of stiffness the impaired limb, the impedance measurem as an estimate of the spasticity which is then each state of the hybrid automata.
The MAS gives a scale from 0 to 4 whe represents the limb with normal muscle ton As this does not indicate a numerical mea muscle tone or spasticity, the impedance p for the un-impaired limb i represent the zero reference where 4. The unimpaired limb impedance cha used to indicate the recovery state (S6) for t and is considered to be an inertia environm with almost no stiffness at the elbow joints of the impaired limb on the other hand is c high stiffness and/or damping factor with by 0.5 100 500 . Under the MA assumed to have a score of '4' and represen ple given by e set of discrete f impairments or et of plant symbol in these case, are ery patient arm y; R is a set of r, represent the ondition, and amework re the post-stroke ne of the upper upper limb. The n used to classify, based on the unt of spasticity ment (ROM). As spasticity can be and dampness of ment is considered n used to describe ere zero reference ne (see Based on the impedance informa assigned, the automata either stays transit to the appropriate state, and the impedance information chang condition of the automata is satisfied list of plant symbols or events g impedance measurement. See Fig. 3 automata model. TABLE I and TABLE  s The selection of which component of the task space to be force or position controlled is also achieved by the hybrid automata using the duality principle as expressed in TABLE IV. In this work, motion on a plane such as the extension and flexion of the elbow joint of the stroke patient arm is considered. To implement the adaptive hybrid control, the task space is either force controlled in one direction or position controlled in the other direction while six recovery states are considered which depend on the patient's arm impedance parameters as shown in TABLE I, II and III.
A. Simulation of Hybrid Impedance Control
To implement the hybrid impedance control, the desired position and force trajectory are chosen as 0.1 2 100 50 2
and a simulation time of 2s is used. This trajectories are chosen only to test the control strategy.
In order to select which task space is force or position controlled, the impedance parameters of the impaired limb is estimated online using the recursive polynomial model estimator Matlab/Simulink block and the duality principle (see TABLE IV) is then applied by means of the hybrid automata to specify the robot impedance parameters and the task space for control. The specified robot impedance parameters for each state are determined offline by a heuristic search method for both position and force control.
The simulation result for the position controlled direction is shown in Fig. 4 where the root mean square, RMS, tracking error is found to be 0.0145. For the force controlled direction, the robot impedance parameter chosen are Mmf =2 and Bmf = 5, which gave minimum tracking RMSE of 0.0165. Fig. 5 give the simulation results for force tracking by the controller.
B. Simulation of the Adaptive Hybrid Impedance Control
To test the responsiveness of the proposed framework to the changing impedance profile of the recovery patient, the mass, stiffness, and damping parameters of the patient are varied by the following functions and a simulation time of 4s is used. The normal limbs impedance is considered as inertia, while the impaired limbs impedance is considered either capacitive with a high stiffness or resistive with high damping constant. Fig. 6 shows the impedance profile of the simulated patient limb. The hybrid automata is seen to switch between six different states (see Fig. 7 ) based on the impedance profile of the patient while specifying different robot impedance parameters as shown in Fig. 8 for either force or position control space. In this study, an adaptive hybrid impedance framework for robot assisted rehabilitation therapy has been proposed. In order to track the motor control performance of the patient while following a desired force and position trajectory, the impedance profile of the impaired limb has been estimated online and a Discrete Event System (DES) framework implemented under a hybrid automata is used to specify different robot impedance parameters.
A heuristic search method has been used offline to identify appropriate robot impedance parameters for each task space control and patient impedance profile. Preliminary simulation studies have shown the effectiveness of the proposed control framework. 
